Introduction
In mammals, the success of fertilization largely depends on gamete fertility potential and consequently on what concerns sperm and oocyte quality they are both equally important.
Sperm contribution to fertilization is usually estimated through evaluation of semen parameters. A loss of fertility potential associated to manipulation and preservation techniques is usually calculated based on the semen characteristics at collection and on the knowledge of the damages associated with the technique to be implemented.
Assessment of sperm quality conventionally relies on microscopic evaluation of sperm parameters including total sperm count, sperm concentration, percentage of motile sperm and percentage of normal sperm morphology. Some of these parameters are correlated with fertility though it does not truthfully predict male fertility [1] [2] [3] . Concentration and morphology are considered to be important to evaluate the fertilizing ability of sperm cells, as well as motility and the acrosome status, which are critical elements regarding fertilization. These parameters are currently analysed under light microscopy. Computer-assisted semen analysis (CASA) increases the reliability and the accuracy of the analysis with the increase of cell counting [4, 5] . Results of the functional testing (such as the zona pellucida binding assay, the hemi-zona essay or the hypoosmotic swelling test) are better correlated with the AI outcome than the results of conventional semen evaluation [1, 2] .
Nevertheless, these methods have limited prognostic value for the reproductive success of the donor male [6, 7] . Discrete and unclear sperm abnormalities impairing the reproductive success of sperm and egg interaction often remain undiagnosed. This is the major limitation for the most conservational in vitro methodologies of sperm evaluation, either in humans or animals. Inability of the in vitro assessment methods to accurately predict spermatozoa fertility may be attributed to the complexity and multifactorial nature of male fertility.
In the past decades, attempts to escape these limits led to the introduction, in the laboratorial panel, of some sophisticated analyses. Those included the use of fluorescent markers to assess the acrosomal status, the use of vital staining for mitochondrial activity, the use of particular fluorochromes to detect altered sperm chromatin or DNA integrity along with several molecular regulators of thermal and oxidative stress. Proteomic, biochemical, and immunocytochemical approaches are now starting to highlight some key events that may determine the success of the sperm function. Existing functional tests were also retained, such as the hypoosmotic swelling test and the hemi-zone assay, to assess membrane functional integrity and sperm ability to interplay with the oocyte.
Understanding the main determinants of sperm fertility and knowing how fertility changes or is influenced by sperm manipulation (such as cryopreservation and sperm-sorting) would allow to enhance the knowledge on extender design, to accurately estimate sperm fertility and to predict sperm survival after processing. The knowledge to adequately extend the lifespan of cryopreserved sperm would also be improved, in particular on what concerns the programs for genetic biodiversity preservation. Nowadays, the lack of reliable methods allowing the accurate in vitro assessment of semen quality, limits our capacity to properly monitor semen freezing-thawing damages and to predict its performance at insemination [8] .
Though extensively used in domestic species (such as bovine, pigs and dogs), it is well known and accepted that cryopreservation damages the sperm, with a large number of cells losing their fertility potential after freezing/thawing. Further, it is also common knowledge that individual variations exist on sperm resistance to cell damage during these procedures, justifying why some males are "better freezers" than others, even if no differences are found in fresh semen quality assessment [9, 10] .
Determination of additional markers for semen quality is now being explored either as a complementary assessment of sperm quality or as an additional way to study in more detail the side effects of extenders or molecules associated to infertility. Seminal markers reveal molecular pathways that could be suppressed or stimulated by in vitro sperm manipulation. Moreover, it may be of utmost importance when considering the development of protocols for sperm cryopreservation of wild and endangered species. Up to now, the extender selection in those species is mainly based on phylogenetic or physiological resemblances and on the trial-and-error approach.
Another issue strengthening the need for additional tests in laboratory assessment of sperm quality relates to the fact that standard seminal parameters (motility, concentration and morphology) currently used for all the species are insufficient to predict fertility and to detect sub-fertile males. In addition, sperm samples are very heterogeneous and although spermatozoa may look the same on traditional semen analysis, more sophisticated methods allow identifying different spermatozoa subpopulations with distinct biochemical and physiological characteristics. It is the combination of sperm cells of different functional competences that largely determines the fertility potential of a specific male.
The search for effective predictors of spermatozoa fertility is now on the table, and the identification of suitable molecules would greatly benefit the semen industry and would strengthen the proposal of new therapies for infertility, in both man and animal. Furthermore, it would allow a better understanding of the side effects of technology (such as freezing/thawing or sex-sorting procedures) upon the sperm integrity and functionality, as well as to evaluate the reasons of some undesirable responses of exotic or endangered species' sperm to preservation.
A large number of factors and molecules have been proposed to be of interest or tested as putative predictors for sperm fertility. Before playing their role in fertilization, spermatozoa are required to survive in the female genitalia, accomplish to reach the place for fertilization and to acquire competence to fertilize the oocyte (Figure 1 ). This is true, for both the natural mating and the artificial insemination. These are important actions, which reflect a multitude of complex and specialised functions that, in brief, result in sperm survival and fertility. Yet, all these functions would hardly be evaluated together through a sole molecule.
In this review it is the intent to present and discuss the use of new methods for sperm assessment and estimation of spermatozoa fertility. 
Proposed side effects for sperm cryopreservation
Sperm cryopreservation is unavoidably linked to a reduction in sperm quality, which has been related to cold shock and freezing damages. The importance of cold shock injuries varies with the species, the composition of the extender, the cryoprotectant selected and the male, among other factors [10, 11] . Seldom more than 50% of the sperm population survives cryopreservation [9] .
Deleterious effects of freezing/thawing procedures originate a reduction on the sperm life span due to alterations in the structure and functions of spermatozoa. Side effects include altered motility, changes in the plasma membrane and acrosomal integrity and increased DNA fragmentation. All these alterations induce a reduction of the sperm ability to survive in the female reproductive tract and to interact with the oocyte at fertilization [8, 12] . In an attempt to compensate these side effects, seminal doses are usually prepared with excessive numbers of spermatozoa in order to improve AI fertility [5, 8] .
Available cryopreservation techniques have a number of potentially detrimental problems, such as physical and chemical injuries that prone the spermatozoa to cell death and dysfunction ( Figure 2 ). These include [9, [13] [14] [15] :
• Capacitation-like changes -after freezing/thawing, sperm behaves as if capacitated, which decreases its ability to survive within the female genital tract and to fuse with the oocyte;
• Motility impairment -a decrease in the motility is observed in post-thawed spermatozoa, which tend to exhibit a variable degree of motility weakening, with subsequent hampering of sperm progression till the oviducts and a decrease on the fertility potential;
• Oxidative damages -which may trigger apoptosis and DNA damage when reaching a given threshold. Apoptosis compromises the mitochondrial function, motility and predispose to DNA fragmentation.
• Compromise of the membrane and acrosome integrity -loss of membrane integrity lead to altered ionic transport to the cell, in particular the calcium and water balance, with subsequent loss of the sperm ability for volume regulation and osmoadaptation. Also, it will compromise protein location and/or exposition on the cell's surface, which negatively affects sperm survival, sperm binding to oviductal epithelium and interaction between male and female gametes. In addition, restrain of the acrosome integrity may compromise sperm competence to penetrate the oocyte layers at fertilization;
• DNA and chromatin changes, which may not be directly related to fertilization but are often reported to impair sustainable post-syngamy embryonic development and pregnancy. 
Biological markers of sperm function
The most frequently used methods of sperm analysis have been pleasantly reviewed in a recent InTech publication [11] , driving the main topic of this review into new adjunctive methods available to test sperm quality ( Figure 3 ). These tests can be performed as well in freshly ejaculated sperm or in preserved samples. In the former, it would allow to increase the ability to predict sperm quality, the selection of donor/sperm for cryopreservation and to assess infertility causes. In the later it could be of utmost interest to study the sperm response to preservation trials, such as the design of a new extender. Further, it could also be of importance when studying the sperm response to preservation in new species, where it would allow the identification of the most suitable molecular and functionally-friendly extender or procedure.
Assessment of events associated with sperm capacitation
For long, it has been accepted that freezing/thawing procedures induce a capacitation-like status that originate losses on the fertilizing potential of spermatozoa. Non-capacitated live sperm cells survive longer in the female genital tract than capacitated sperm [16] . Dysfunction of intracellular pathways associated with calcium (Ca 2+ ) predisposes to acrosome instability and exocytosis of its content. Regulation of protein function by Ca 2+ signalling pathways is central for most sperm functions and infertility is often found when those signalling pathways are disturbed [17] . As it was mentioned, calcium is an important regulator of intracellular activity. Calcium mobilization has been associated with major sperm functions, such as capacitation, acrosome reaction and hypermotility. Ca 2+ stores in the sperm are located in the acrosome, neck and mitochondria [17] . Release of Ca 2+ from its stores triggers the above-mentioned reactions, although it is now suspected that different patterns of calcium release are responsible for different functions. For example, hypermotility is associated with an oscillatory, wave-like pattern of Ca 2+ release, while capacitation, acrosome reaction and exocytosis of the content are associated with a burst of intracellular Ca 2+ into the cytoplasm [6, 17] . Also, the increase in free intracellular Ca 2+ is often associated with the stimulation of different, pH-sensitive ion-channels that have been associated with hypermotility and acrosome reaction. Sperm neck Ca 2+ stores seem to be related with the flagella movement, during hyperactivation [17] .
Acrosome membrane integrity is commonly assessed with fluorescent conjugated lectins (PNA-Peanut agglutinin-and PSA-Pisum sativum agglutinin). Absence of fluorescence in the living sperm indicates an intact acrosome, whilst fluorescence is indicative of acrosome disrupted or acrosome-reacted sperm [5, 11] . Fluorescent conjugated lectins can be used ei-ther in flow cytometry [18] or in cell imaging microscopy, and when combined with other vital staining, such as Hoechst 33258 or 33342 and carboxy-SNARF/PI (carboxy-seminaphthorhodafluor/ propidium iodide), or with the hypoosmotic swelling test they also allow to distinguish between non-viable and reacted spermatozoa.
There are other fluorescent tests to evaluate the acrosome, like the chlortetracyclin (CTC) staining, in which fluorescence is activated when there is bounding to free calcium ions. When combined with another fluorescent dye, such as Hoechst 33258, the combined fluorescent staining allows to differentiate from three different sperm populations: the uncapacitated and acrosome intact (F-pattern), the capacitated and acrosome intact (B-pattern) and the capacitated and acrosome reacted (AR-pattern) [5] . Today, CTC staining is a routine test to assess the occurrence of the capacitation and the acrosome reaction; it has also been adapted to flow cytometry analysis.
Additional tests can be performed for assessment of the occurrence of capacitation-like events, using biological markers, molecules known to trigger or participate in the capacitation reaction. Determining the cholesterol efflux, the protein phosphorylation and changes in intracellular calcium are some of the available methodologies. Nevertheless, for some indicators, it is still unclear how they correlate with sperm quality.
Furthermore, the acrosome status may be tested indirectly through calcium assessment or by studying the response of sperm stimulation with calcium ionophores, progesterone or egg vestments [14, 15, 17, 19] . Acrosome defective sperm show poorer responses to calcium testing than do the sperm with intact acrosome [6] .
Changes in free Ca 2+ concentrations in sperm may be studied by flow cytometry or indirectly by an ionophore challenge test, the later generating intracellular calcium signals that trigger the acrosome reaction [14, 15, 20] . The percentage of reacted spermatozoa is usually determined using a fluorescent dye. Samples with 10 to 30% of reacted spermatozoa have higher fertility potential than samples with less than 10% (this value being considered a threshold) [20] .
Recently, it was demonstrated that sperm exposition to progesterone induced similar but more rapid Ca 2+ signalling pathway, which seems to be independent of a known second messenger system [19] . This behaviour allows the use of this molecule to challenge the sperm acrosome function, as do the ionophore test. For a large number of species, granulosa cells expelled with the oocyte from the ovulatory follicle have the capacity to produce progesterone, which can affect the spermatozoa that approaches the egg for fertilization.
Protein phosphorylation can be studied using different approaches. Detection of phosphotyrosine residues in the spermatozoa can be performed by immunocytochemistry (ICC) in a cytology specimen (over silane-or poly-L-lysine-coated slides), using specific antibodies. The reaction is amplified by the use of secondary antibodies and the reaction may be visualized either with a fluorescent or a non-fluorescent dye. Further, this technique also allows the assessment of sub-cellular changes in the molecule localisation, besides the evaluation of changes in the intensity of immunolabelling [7] . ICC may also extend to other proteins targeting acrosome-related functions.
While ICC locates the molecule inside the cell, the Western blotting technique (also named immunoblotting) may be used for quantification of the protein. After a gel electrophoresis, the extracted proteins are transposed into a membrane and incubated with a primary antibody for the target molecule (the same as for ICC). The reaction is revealed in an X-ray film or a digital image [21] . The use of a cell or a molecular standard, like for the genomic assays, will allow the relative quantification of the protein content in the sample. However, this technique presents a weakness: the possible degradation of the target protein during sample preparation may cause the visualization of multiple bands of different molecular weight.
Mass spectrometry and liquid chromatography, enhancing the separation and the identification of a large number of proteins, are often used for proteomics analysis. However, until now, this method gives a catalogue of hundreds or thousands of proteins that are not easily associated with sperm biological functions [22, 23] and consequently there is not a practical interest for the immediate sperm quality assessment. Yet, using specific regions of spermatozoa or particular cell organelles to focus the analysis could turn this approach to be helpful in the assessment of sperm function or specific sperm events.
Assessment of energy metabolism and sperm motility
Energy metabolism is a key-factor in sperm function. It is supported by ATP pathway, which is found in the background of the most important sperm events, such as hyperactivation, capacitation and protein phosphorylation of the acrosome reaction. It has been shown that high intracellular ATP values correlate with higher survival and vitality postfreezing/thawing [24] , while mitochondrial membrane potential mirrors the sperm quality and a better motility pattern. A primary function associated with mitochondria is the ATP synthesis by oxidative phosphorylation, although, energy might also be obtained by glycogenolysis in the sperm tail, a necessary complement to sustain energy in the tail and to maintain an effective movement. In humans, a decrease in mitochondrial activity has been found in patients with history of infertility even when normozoospermic [25] . Also, cumulative evidences suggest that mitochondrial activity is positively correlated with sperm quality and fertility, possibly associated with the fact that healthy mitochondria have a higher membrane potential [25] .
The intracellular ATP content may be determined by an enzymatic assay (ATP/NADHlinked enzyme coupling assay) in association with spectrophotometry. On this reaction, the regeneration of hydrolysed ATP is linked to NADH oxidation. The assay measures the differences in NADH, which are proportional to the rate of ATP hydrolysis.
Sperm metabolic function may also be evaluated by assessment of the mitochondrial activity. Integrity of the mitochondrial functioning can be assessed using specific dyes for these organelles [7, 43] . Earlier, rhodamine 123 (R123) was frequently used to selectively stain functional mitochondria. It is a potentiometric membrane dye that fluoresces only when the proton gradient over the inner mitochondrial membrane (IMM) is built up. When the proton gradient collapses, the aerobic production of ATP fails, and mitochondria remain unstained [13] . More recently, other dyes have been developed, which selectively bind to respirating mitochondria and become fluorescent after oxidation. These can be used to test mitochon-drial functionality, which has been correlated with the mitochondrial potential [25] . They are named MitoTracker® and are available in red, green and orange colours. Live sperm cells are suspended to incubate into a solution with the selected probe. Cells may be analysed by flow cytometry, by microplate-based analysis or by epifluorescence microscopy, using cytological preparations. The probes diffuse across the plasma membrane and accumulate in active mitochondria. To determine the percentage of MitoTracker positive sperm, 200 spermatozoa are usually counted per sample, in at least four fields, in a fluorescence microscope [7] , varying the spectral wavelength with the probe used. The MitoTracker® can be combined with a vital dye, such as the Hoechst 33342, allowing the separation of different sperm sub-populations: the dead spermatozoa, the live mitochondrial non-competent sperm and the live mitochondrial competent spermatozoa. Also belonging to the MitoTracker dyes, JC-1 (5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide) is a dualemission, potential-sensitive probe, which emits different fluorescent colours according to the membrane potential (IMM): after incubation JC-1 is captured by functional mitochondria where it stains in green if the IMM is polarized or in orange or red if the IMM is depolarized. Depolarization of IMM leads to the aggregation of the dye. The ratio of orange-togreen JC-1 fluorescence depends only on the membrane potential, since it is independent of the mitochondrial size, shape or density. Using this staining, a sperm sample can be composed of different combinations of fluorescent cells according to their mitochondrial inner membrane potential [13] . The different labelling patterns may be correlated with parameters such as sperm motility [7] .
A different approach to assess the mitochondrial integrity is to assess the presence of sperm mitochondrial proteins through the use of ICC [7, 13] . This approach allows the detection and location of target molecules within the cell and the study of the modifications to the expected pattern of immunolabelling. One of the proteins available to study mitochondrial function is the Cytochrome C oxidase or complex IV, which catalyzes the final step in the mitochondrial electron transfer chain. This molecule is regarded as one of the major regulatory molecules for oxidative phosphorylation. As in other ICC, cytological preparations are set to incubate with the specific primary antibody, followed by incubation with the appropriated secondary antibody. The revelation can be obtained with DAB (3,3-Diaminobenzidine) or using DAPI (4',6-diamidino-2-phenylindole) as fluorochrome, under light or epifluorescence microscopy, respectively. The percentage of stained cells is determined over 200 spermatozoa in a minimum of 4 microscope fields.
Heat Shock Proteins (HSP), which are divided in families, are chaperon proteins involved in the protection of intracellular macromolecules against unfolding and aggregation during thermal and osmotic stress. HSP70 and HSP90, which have been found in the sperm, have important functions in the cellular trafficking of proteins other than the refolding and transport of client proteins. The role of HSP's on cell signalling in mature sperm is not clearly understood. It is known that an active cell metabolism, such as ATP production, is required for the expression of heat sock response [26, 27] . HSP 70 and HSP 90 have separated ATPase and client protein-binding sites [27] and also distinct roles in sperm function. It has been shown that HSP70 and 90 are targets for protein phosphorylation, which is activated during capaci-tation and capacitation-like response to sperm manipulation, in a reaction that might be associated with the nitric oxide synthesis during oxidative stress [28] . Sperm is transcriptionally inactive. Thus, HSP content in the spermatozoa is defined at ejaculation and those proteins must be present in the cytosol to help protecting the sperm from injury [29] . Therefore it is expectable to find a reduction of its amount or intensity of immunoexpression for these molecules (if Western blotting or ICC were used) after the cell attack. In canine ejaculates, a diminished number of sperm cells with low immunoreaction for HSP70 was found in semen of good quality. A reduction of the intensity of immunolabelling for this molecule was found after freezing/thawing (Figure 4) , along with dislocation of the immunostaining from the acrosomal area to the sperm tail [30, 31] . It has also been found a correlation between HSP70 immunoreaction in freshly ejaculated sperm and sperm damage after freezing/thawing procedures [30, 31] . In freshly ejaculated sperm (on the left), labelling for HSP70 is found over the acrosome region while the sperm tail is negative for this molecule. After freezing (on the right), a reduction of the intensity of immunostaining over the acrosome was found, with some negative sperm. In parallel, dislocation of the HSP immunoreactions to the sperm tail was observed.
Assessment of surface membrane integrity
Integrity of the sperm membrane is essential to sperm survival in the female genital tract and to fertilization [32] . Until placed in the female reproductive tract, spermatozoa are maintained in a hyperosmotic medium. Thereafter, it is passed into an iso-osmotic medium and contacts not only with the genital fluid, but also with the epithelia of the uterus and the uterine tubes, where it is stored. Further, molecules present on the sperm surface are of utmost significance for the spermatozoa interaction with the female local immune system, binding with the uterine tube epithelium, to cross the oocyte vestments (cumulus cells and zona pellucida) and to fertilize the oocyte. The molecular and hormonal local environment possess an important regulatory role on what concerns the sperm functions. However, to fulfil its role the sperm needs to acknowledge those influences and to react accordingly. Cell membrane damages are one of the major side effects of cryopreservation and are irreversible [33] . It is due to changes in the membrane structure and lateral phase separation of the membrane components leading to focal aggregation of proteins, disarrangement of the membrane lipids and increased permeability to solutes [11, 33] .
When introduced in a hypo-or hypertonic environment, cells tend to adjust and reach osmotic equilibrium by allowing water and solutes to change across the cell membrane. Spermatozoa, among other cells, have the ability to maintain their volume after osmotic shock [1, 34] . It has for long been proved that, for domestic species, cell volume control shows a close positive correlation with fertility [1] . In the ejaculate, there is usually sperm with different aptitudes and with differences in the ability to respond to osmotic stressors. This is often related with membrane deficiencies in ion channels or signalling pathways that control cell volume. The ability to adapt to osmotic changes can be tested by the hypoosmotic test (HOST), an indirect method to assess the membrane integrity, where sperm is incubated in hypoosmotic solutions between 1-60 minutes at 37ºC. Spermatozoa with intact plasmalemma become swollen and present coiled tails when incubated in a sucrose solution (ranging from 75 to 150 mOsm, according to the species) ( Figure 5 ). After longer exposures, they recover the initial volume [34] . Although currently used for in vitro semen assessment, this evaluation is subjective and not quantitatively rigorous. It is also possible that a number of sperm cells may die if prolonged incubation periods are used, biasing the results. However, it becomes more precise if performed with the aid of an electronic cell counter. In this approach, known as the volume regulatory test, after the osmotic challenge, sperm passes through a capillary pore and cell volume is determined upon changes in the electric resistance to passage. The results are expressed as cell frequency distribution for the iso-and the hypoosmotic moments of the test and the amount of displacement of the distribution curve, which reflects the adaptability of the sampled cells [1] .
Different combinations of fluorescent membrane-impermeable dyes may also be used to assess the sperm membrane integrity. Most commonly used ones, also show some degree of affinity for DNA, as for Hoechst 33258, propidium iodide (PI) or ethidium homodimer 1 [11] . Alternatively acylated membrane dyes are also used. These dyes can cross the intact cell membrane and be held in the viable spermatozoa. When the plasma membrane is damaged, the probe leak out of the cell. More recently, fluorescein diacetate (CFDA), carboxyl(methil)-derivates, such as carboxyl-SNARF and SYBR-14 have been used for this purpose (for more detail, see [11] ). This sort of probes can be combined and used with flow cytometry. The combination of different patterns allows estimating different degrees of sperm viability [13] . When combined with PI, green fluorochromes such as CFDA (Carboxyfluorescein diacetate) or SYBER-14 are replaced in the dead spermatozoa by the red fluorescence, which is not found in the membrane intact sperm. Carboxyl-SNARF, a pH-indicator, stains the live spermatozoa in orange, whilst Hoechst 33258 stains the dead spermatozoa in bright-blue [11] .
Sperm membrane integrity can also be assessed by the use of merocyanine 540 (MC540), a hydrophylic probe with highly disorganized lipids that shows a high affinity pattern for instable membranes. This probe allows to monitor the changes in the cell membrane lipid ar-chitecture. Two sperm populations may be found under a fluorescent microscope: sperm with intact membranes devoid of fluorescence and sperm with disordered cell membranes that emit fluorescence [7, 35] . This probe further labels sperm round, apoptotic bodies, which are more frequently found in men with decreased sperm quality [14] . Whether these structures are indicators of pathological or excessive apoptosis in the male genital tract or simply cell remnants of similar density to sperm heads is still to prove. Besides the modifications on lipid arrangement in sperm plasma membrane, loss of membrane integrity also induces disorganization of the membrane proteins. In fact, in defective sperm or after cold-shock, the clustering of the membrane proteins is frequently observed. At fertilization, such modifications can interfere with the exposition of molecular epitopes and compromise receptor-ligand interactions between sperm and the oviductal cells or the oocyte [15, 36] . A more conservative approach to test these changes includes the functional in vitro gamete interaction tests, such as the oocyte penetration test or the hemi-zona assay (for a quick review see [11] ). The zona pellucida binding assay tests the ability of spermatozoa to interact with the zona pellucida of the oocytes. It is an assay with much variability and it tends to be replaced for the hemi-zona assay, which has the advantage of allowing the comparison between 2 sperm samples (one being used as control) on a single ovum. The oocyte penetration test assesses the fertilizing ability of spermatozoa by evaluating the presence of fluorescent spermatozoa heads in the perivitelline space and in the ooplasm after several hours of sperm-oocyte co-incubation [37] .
Further, ICC, Western blotting, Chromatography and ELISA (Enzyme-linked immunosorbent assay) techniques can be used to detect the immunoexpression of particular membrane proteins (like integrins, adhesins or membrane-anchored proteases-ADAM) and to assess possible changes in immunoexpression in defective sperm following a challenging stimulus.
Recently, some studies have been presented, concerning the water channels function in spermatozoa and their functions in the cell volume regulation and sperm adaptation to environmental changes in osmotic pressure. Aquaporins (AQPs) are a family of proteins highly specialized in water permeability and involved in water transport across membranes. It has been demonstrated that AQP3 is an important water channel localized on the principal piece of the sperm tail, which acts like a key-fluid regulator for sperm osmoadaptation, protecting the cell membrane from swelling and mechanical stretching damages [38] . By using a fluorescence immunocytochemistry approach and flow cytometry, it was found that in AQP3 defective sperm exist an increased proportion of tail bending at cytoplasmic droplet under osmotic stressor conditions, which were associated to membrane rupture and exaggerated cell swelling during HOST, along with decreased sperm motility and reduced fertilization [38] . Additional AQP's have been localized on the sperm of different species. AQP7 and AQP8 may play a role in the glycerol metabolism and water transport respectively, with AQP7 showing some association with sperm progressive motility [39] .
Assessment of the oxidative stress and apoptosis
Sperm metabolism in aerobic conditions originates oxidative molecules (reactive oxygen species or ROS -short-lived reactive chemical intermediates), which are highly reactive and oxidize lipids, proteins and glycides. Cells contribute to the maintenance of the oxidative homeostasis by controlling the amount of ROS, converting them into less injuring molecules [40, 41] . Excessive ROS production damages the sperm membrane, reduces motility (by decreasing membrane potential), induces irreparable DNA damage and is closely associated with apoptosis [42, 43] . Oxidation reaction in the membranes increases ROS, changes membrane fluidity and compromises its integrity, impairs ion-gradients and lipid-protein interaction and causes changes in proteins [44, 45] . The seminal plasma possesses various natural antioxidants that protect spermatozoa against the oxidative stress which are removed when sperm is diluted or submitted to a process for preservation. Spermatozoa are particularly susceptible to lipid peroxidation, and one should be aware that semen manipulation and cryopreservation-thaw procedures accelerate the production of reactive oxygen species. Within the spermatozoa, mitochondria and the plasma membrane are the most sensitive structures to ROS [45] .
Lipid peroxidation (LPO) releases membrane polyunsaturated fatty acids that are used as substrates for ROS and hydroxyl radical generation. The most frequent product of LPO is malonaldehyde (MDA) [44] . LPO can be indirectly assessed using a spectrophotometer by measuring thiobarbituric acid reactive (TBAR) substances; the method is based on the measurement of the complex formed by the reaction of MDA with TBA under a temperature stressor (incubation at 100ºC), which produce a pink-coloured chromogen and is readable at a wavelength of 532 nm. Also, the fluorescent probe BODIPY 581/591 -C11 (4,4-difluoro-5-(4phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic acid) is frequently used in association with flow cytometry to assess LPO in the sperm. BODIPY is a fatty acids sensitive fluorescent probe that changes fluorescence from red to green in the presence of lipid peroxidation. Its association with a vital probe further allows to evaluate the fluorescence emission ratio in living cells [44, 46] .
Additional, currently used methods also include the glutathione peroxidase reaction (where the hydrogen peroxide oxidizes GSH (reduced glutathione) into GSSG (oxidized glutathione) in the presence of glutathione reductase and NADPH results from the consumption of NADPH in proportion to the peroxide content), by flow cytometry measurement of the fluorescent intensity of the compounds oxidized by ROS (such as the dichlorofluorescin diacetate-DCFH-DA-or the Hydroethidine-HE), using the gas-liquid chromatography separation of lipid peroxides, followed by its identification by mass spectrometry and by measuring cytotoxic aldehydes through high performance liquid chromatography (HPLC) [44, 45] .
ROS production can be directly monitored by a luminol or a lucigenin-based chemilluminescence assay [43, 45] . This assay does not distinguish between intracellular and extracellular ROS, but it differentiates between the production of superoxide and hydrogen peroxide according to the probe used (lucigenin and luminol, respectively for superoxide and hydrogen peroxide). Measurement of chemilluminescence is proportional to ROS accumulation [45] .
An important side effect of the oxidative stress is apoptosis [42] . The most important changes associated to sperm apoptosis are the externalization of the phosphatidylserine (PS), a molecule usually confined to the inner leaflet of the plasma membrane, the caspase system activation, the DNA fragmentation, the lost of mitochondrial integrity and the increase of cell membrane permeability [41] . To assess sperm apoptosis it is frequently used the Annexin V, a Ca 2+ -dependent PS-binding protein that reacts to the PS, which is translocated to the outer leaflet of the plasma membrane in damaged sperm. Annexin V can be conjugated to fluorochromes such as FITC (Fluorescein isothiocyanate) in flow cytometry analysis. If a vital staining is used, such as the propidium iodide, the combination allows to distinguish between three sperm sub-populations: viable (Annexin-FITC-PI-negative), early apoptotic (Annexin-FITC-positive and PI-negative) and late apoptotic (Annexin-FITC-PIpositive) [7, 41] .
Caspases are molecules associated with the apoptotic pathway and can be classified as initiators or executors; caspase 7 and 9 are initiators, while active caspase 3 is an executor. The determination of the caspase enzymatic activity in sperm extracts, in comparison to the one of neutrophils, can also be used to assess apoptosis in sperm, which may be completed by the semiquantitative determination of active caspase 3 and caspase 7 content, by Western blotting. Caspase activity has been shown to be consistently higher in low motility sperm, in particular, the active caspase 3 [47] .
Assessment of additional molecules known to be involved in the apoptosis mechanism, which might work as possible biological markers, can be performed by ICC, Western blotting or even in proteomic studies. Some molecules participating or regulating apoptotic processes in cells have been analysed in sperm and in semen, and its concentration was found to correlate with sperm quality. Among these molecules, TNF localization in pig and canine sperm has been performed [48, 49] . The immunolabelling is limited to the sperm mid-piece in the mitochondrial region ( Figure 6 ) and it has been demonstrated that a decrease in TNF immunoreaction is observed in spermatozoa incubated in a capacitating medium. When exposed to TNF, spermatozoa showed decreased motility, increased PS externalization and chromatin and DNA damage, changes that are usually associated with apoptosis [50] . Figure 6 . Sperm immunoreactions against TNF. In canine spermatozoa, strong immunolabelling for TNF was found in sperm mid-piece, in the mitochondrial region.
Assessment of DNA integrity
An association between infertility and the integrity of DNA content in sperm has been suggested. The integrity of male DNA is of utmost importance for embryo development and offspring production [13, 41] . DNA damage is not usually perceived under classic or advanced semen assessment, but has been proposed to be at the origin of infertility in normospermic individuals. DNA damage (abnormal chromatin structure) may arise from different processes: deficient recombination or packaging during spermatogenesis, apoptosis and oxidative stress. DNA loss of integrity does not always impair fertilization, but compromises sustainable embryo development, predisposing to embryo losses and abortion [9, 15] . DNA fragmentation may be associated with various pathological and environmental conditions [51, 52] , but also with endogenous mechanisms such as the oxidative stress and apoptosis.
Evaluation of sperm DNA integrity can be achieved by a variety of tests covering different aspects of the DNA damage. Unfortunately, most of the available techniques provide limited information regarding the nature of the DNA lesions evidenced, and do not allow to highlight the exact pathogenesis of disrupted sperm DNA [53, 54] .
Less expensive methods to assess the sperm chromatin structure uses chromatin structural probes or dyes, such as the acridine orange (measures the susceptibility to conformational changes), the aniline blue (that stains loosely condensed chromatin), chromomycin α (competing with protamine binding to DNA, it reveals protamination defects on sperm) and the toluidine blue (that stains phosphate residues of fragmented DNA). However, several factors modulate the DNA staining of chromatin, decreasing their specificity [52] .
Nowadays, the most currently used tests of sperm DNA fragmentation are: the Comet assay (single cell gel electrophoresis), the TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP (2´-deoxyuridine, 5´-triphosphate) nick end labelling) assay, the sperm chromatin structure assay (SCSA) and the sperm chromatin dispersion (SCD) test. The first three assays focus on the DNA fragmentation detection, while the last assay is a sperm nuclear matrix assay detecting possible deficient DNA repair or chromatin disorganization [43] . On table 1 we compare these methods.
The Comet assay is a fluorescence microscopic test that identifies single (SS) and doublestranded (DS) DNA in single sperm. In this assay, sperm cells are mixed with low-to-moderate melting agarose and then placed on a glass slide. The cells are lysed and then subjected to horizontal electrophoresis, the DNA being visualized with the aid of a fluorochrome dye. DNA damage is quantified by measuring the displacement between the genetic material of the comet nucleus (unbroken DNA) and the resulting tail (damaged DNA) [21, 52, 53] . The length of the tail is positively correlated with the percentage of DNA fragmentation. Although highly sensitive, this method is also labour intensive and the comet tail is of difficult standardization. Further, less apparent clinical association exists between the test results and clinical infertility [43] , and clinical thresholds were yet to be established.
TUNEL assay is possibly the most common method used to assess sperm damage in sperm. It can be used as another ICC method, in both bright field and fluorescence microscopy, or associated with flow cytometry. In the TUNEL assay, terminal deoxynucleotidyl transferase (TdT) incorporates labelled nucleotides into 3′-OH at single-and double-strand DNA breaks, creating a signal of increasing intensity according to the number of DNA breaks. The fluorescence intensity of each analysed sperm is scored as a "positive" or "negative" on a microscope slide. When conjoined with a flow cytometer, precision of the method increases due to the increased number of cells analysed [43, 53] . Proportion of TUNEL positive cells seems to be correlated with decreased pregnancy rates [13] . However, numerous variations for the test exist, which reduces its liability.
The sperm chromatin structure assay measures in situ DNA susceptibility to acid-induced DNA denaturation. It uses a flow cytometer and the acridine orange fluorescence, a traditional fluorescent dye that shows different colour when bonded to single-(red) or doublestranded (green) DNA [43] . The degree of red fluorescence in a sample (named DNA fragmentation index -DFI) has been associated to male infertility [13, 43, 53] . It is possible to score different spermatozoa populations by using SCSA: the sperm without fragmented DNA, the sperm with moderate DFI and the sperm with high DFI.
The sperm chromatin dispersion test (SCD) is a method based on the principle that sperm with fragmented DNA fail to produce a halo, which is characteristically observed in sperm with non-fragmented DNA, when mixed in aqueous, low melting agarose followed by acid denaturation and removal of nuclear proteins [21, 54] . Despite not being necessary, this test can be visualised using a fluorescent dye (such as propidium iodide, DAPI or ethidium bromide) or simply be stained with Diff-Quick® reagent. Halosperm® is a commercial kit to assess DNA fragmentation in sperm from different species, before or after semen manipulation. Regarding this kit, sperm presenting a large-and medium-sized halo is considered to have no fragmentation, while spermatozoa having a small halo or without halo is classified as having DNA fragmentation (Figure 7 ) [55] . 
Concluding remarks
Conventional, currently methods used in sperm quality assessment are unsatisfactory to correctly predict sperm fertility potential and do not provide sufficient information for diagnosing and overcome some clinical infertility situations. The major advantages of biomarker approach over conventional semen analysis are the proficiency to accurately measure biomarker levels and to expose hidden sperm defects, which go undetected during current sperm morphology assessment. Newer, unconventional diagnostic tests of sperm function have the increased potential to deliver relevant information and to have an effective predictive role in male reproductive medicine. In the present work, several molecular markers have been presented for each of the sperm functions. Some are already used in human andrology, but are less used for the animals. Its use allows an increased efficiency in the identification of infertile individuals or to predict the sperm behaviour to manipulation, hence predicting the degree of damage to be expected for a given sperm sample. The development of test based on predicted sperm functions such as capacitation and in particular sperm-oocyte interaction will present increasing impact on the field of extenders research, as well as of semen banks implementation for both domestic and wild species. It is of utmost interest the characterization of a particular biomarker patterns/levels in fertile and infertile samples, with the subsequent ability to identify males with superior tolerance to semen cryopreserva-tion. Nevertheless, putative molecular markers that may be used for sperm quality assessment were not exhausted in this review. Further efforts must be focused on understanding how these biomarkers correlate with transient impairments of male infertility caused by heat stress, malnutrition, diseases or trauma. Finally, the adjunctive evaluation of spermatozoa functions is particular important when considering sperm storage.
